pEOPLE born and living permanently at high altitudes have chronic hypoxemia, the arterial oxygen saturation being around 78 to 80% for altitudes near 15,000 feet.14 In spite of hypoxemia, the oxygen uptake, cardiac output, and stroke volume are similar to those found at sea level.3 4 These findings are associated with pulmonary hypertension which has been principally related to structural changes of the pulmonary vasculature.3' 4 Notwithstanding the chronic hypoxemia and pulmonary hypertension, people residing permanently at high altitude have a natural acclimatization which allows a general behavior pattern similar to that of normal people living at sea level. Moreover, these people are capable of efficiently performing heavy exercise. Therefore, we considered it would be of interest to study the physiological pattern of response to exertion, particularly the changes in pulmonary pressure, cardiac output, and arterial oxygen saturation. Preliminary observations were reported previously.5 Methods Right heart catheterization was carried out in 35 healthy men born and resident at high altitude. These subjects were untrained volunteers and their ages ranged from 17 to 34 years. All of them were born over 12,000 feet above sea From the
level and were living over 14,000 feet. They were studied in Morococha at 14,900 feet (4,540 m) above sea level, with a mean barometric pressure of 445 mm Hg and a tracheal P02 of 83 mm Hg. A control investigation was performed at sea level on 22 healthy men ranging from 17 to 23 years of age. These subjects were born and had resided permanently in towns near sea level, and were studied in Lima where the altitude is 500 feet (150 m), the mean barometric pressure is 750 mm Hg, and the tracheal P02 is 147 mm Hg. A careful clinical and laboratory evaluation was previously performed in both groups, and the normal characteristics corresponding to each place of residence were demonstrated.
The day before the study the subjects were taken to the catheterization room to familiarize them with the ergometer, the nose clip, and the mouthpiece of the spirometer. Right heart catheterization was carried out in the supine position, in fasting conditions, and without medication. Two catheters were passed through two different veins of the antecubital space to register pressures easily and rapidly during exercise. A polyethylene catheter was introduced into the brachial artery. At rest, blood pressures were registered from the right atrium, right ventricle, pulmonary artery, pulmonary wedge position, and brachial artery. Blood samples from the pulmonary and brachial arteries and expired air were collected simultaneously.
The exercise was performed in supine position using a bicycle ergometer. The exercise consisted in pedaling for a period of 7 minutes with a work load of 300 kg-m/minIm2 at the rate of 60 rpm controlled with a metronome. During the-fourth and fifth minutes blood samples were withdrawn from the pulmonary and brachial arteries and at the same time the expired air was collected. Following the fifth minute of exercise, blood pressures were registered from pulmonary wedge position, right ventricle, right atrium, brachial and pulmonary arteries.* Recovery was studied during 15 minutes. Blood pressures were registered after the fourth and thirteenth minutes. During the eleventh and twelfth minutes blood and expired air again were collected simultaneously.
Blood pressures were registered using two Statham gauges (P23Db) and a twin Viso Sanborn recorder (Model 60-1300). Zero was considered the midpoint of the anteroposterior diameter of the thorax in the third costal space at the sternum. During exercise values for systolic and diastolic pressures were obtained by averaging them over two respiratory cycles. Mean pressures were obtained by electrical integration.
Blood samples were withdrawn anaerobically and analyzed for oxygen and carbon dioxide contents and for oxygen capacity in a Van Slyke and Neill manometric apparatus. Expired air was collected in a Tissot calibrated spirometer, and its gas content was analyzed in Haldane-Henderson apparatus. This procedure allowed the calculation of the oxygen uptake, the arteriovenous (A-V) oxygen difference, and the cardiac output by Fick's principle. Using the 02 and C02 content of blood as drawn and of that equilibrated at pCO2 of 40 mm Hg and P02 of about 200 mm Hg, the acid-base balance was determined according to the techniques developed at the Fatigue Laboratory, Harvard University.
In the group studied at high altitude, alveolar oxygen tension was measured in a Pauling paramagnetic analyzer and alveolar CO2 in a Cambridge carbon dioxidemeter. The partial pressure of oxygen in arterial blood was derived from the oxygen dissociation curve determined in each case.
The changes produced by exercise were analyzed in each case as percentage values, and the mean changes along their variability were calculated. The likelihood of significance of the differences between resting mean values and those obtained during exercise and recovery periods was calculated by the Fisher t-test. This test was also used to express the likelihood of significance of the differences between mean values at sea level and at high altitudes.
Results Tables 1 and 2 show the results at rest and *The time for collection of blood and expired air was chosen because the oxygen uptake, A-V oxygen difference, cardiac output, and heart rate reach a steady state with 2 minutes of exercise.6 A steady state for the pulmonary pressure is reached within the same period, according to our observations. during exercise, as well as the per cent changes from rest to exercise, in sea-level and high-altitude residents. Table 3 shows data obtained in the high-altitude group. Statistical analysis of the data appears in the same tables.
Oxygen Uptake and Ventilation At sea level, resting mean values for minute ventilation (VE) BTPS, oxygen uptake (V02) STPD, and respiratory quotient (RE) were 6.47 L/min, 153 cc/min/m2 and 0.80, respectively. During exercise these figures increased to 28.14 L/min, 719 cc/min/m,2 and 0.87. This means an average increment of 357% in ventilation and 567% in oxygen consumption. On recovery a decrease was noted in VE and VO2; however, they were slightly higher than the resting figures, with a mean RE of 0.92.
At high altitude, the basal mean values for VE BTPS, V02 STPD, and RE were 8.12 L/ min., 161 cc/min/m,2 and 0.88, respectively. Mean pAO2 and pACO2 values were 42 and 30 mm Hg, respectively (table 3) . Minute ventilation at rest was higher at high altitude than at sea level (P < 0.001); however, no significant difference was found comparing oxygen intake mean values at both levels (P <0.30). During exercise the mean values for VE, V02 and RE augmented to 37.43 L/ min, 779 cc/min/M2 and 0.92. This signifies increments of 363 and 616% in VE and Vo2, respectively, changes similar to those observed at sea level (P < 0.80 and P < 0.10). The hood of significance between these two values was higher than 1 to 100 range. This is important if the resting position of the arterial p02 on the steep part of the oxygen dissociation curve at high altitude is remembered.
Basal mean values for arterial pH were 7.40 and 7.42 at sea level and at high altitude, respectively. During exercise these figures decreased significantly (P <0.001) to 7.33 and 7.37, respectively. Arterial Oxygen Saturation and A-V Oxygen Difference (Fig. 1) At sea level, the resting mean values for hemoglobin and arterial oxygen capacity were 14.8 g/ 100 ml and 19 .85 vol/ 100 ml. A rise of 4.5% with exercise was observed in hemoglobin (P < 0.02), thus increasing slightly the arterial oxygen capacity. The basal mean values for arterial blood and mixed venous oxygen content were 19.04 and 15.04 vol/100 ml, with a mean A-V oxygen difference of 4.00 vol/ 100 ml. During exercise an increment of 3.6% in arterial oxygen content, and a decrement of 39.3% in mixed venous oxygen content were appreciated. In this way the A-V oxygen difference increased to 10.62 vol/100 ml, which represents an increment of 177%. In spite of a higher arterial oxygen content, a decrease in arterial oxygen saturation from 95.7% at rest to 94.9% was Circulation noted during exercise but was not statistically significant (P < 0.30). During the recovery period, the mean values of hemoglobin, arterial oxygen capacity, arterial and mixed venous oxygen content, and arterial oxygen saturation were similar to those obtained at resting conditions.
In the residents at high altitude, the basal mean values for hemoglobin and arterial oxygen capacity were 19.4 g/100 ml and 25.90 vol/100 ml, figures significantly higher than those obtained at sea level (P <0.001). On exercise the hemoglobin mean rise was 3.6%, thus increasing slightly the arterial oxygen capacity; the per cent increments were similar to those at sea level (P <0.20). Basal mean values for arterial and mixed venous oxygen content were 20.24 and 16.10 vol/100 ml with Circulation, Volume XXXIII, February 1966 a mean A-V oxygen difference of 4.14; the latter value was closely similar to the sea level one (P < 0.05). Both arterial and mixed venous oxygen content showed mean decreases of 7.9 and 48.9% on exercise, whereas the A-V oxygen difference increased to 10.32 vol/ 100 ml, a mean change of 152%. No significant difference was found when mean increments for A-V oxygen difference at sea level and at high altitude (P < 0.10) were compared. The resting mean value of arterial oxygen saturation was 78.4%, significantly different from that of sea level (P <0.001). During exercise, the arterial oxygen content diminished significantly (P < 0.01), which in addition to the higher arterial capacity produced a highly significant fall to 69.4% in arterial oxygen saturation ( P < 0.001). On Table 3 Alveolar and Arterial Gas Tensions in the Group of High-Altitude Natives At sea level, the basal mean value for cardiac output was 3.97 L/min/m2 and the extreme values were 2.63 and 6.65. With exercise the mean figure rose to 6.83 L/min/m,2 that is a per cent increment of 79, values ranging from 4.86 to 8.89 L/min/m. 2 The heart rate showed a mean increase of 89% and was the main factor responsible for the increment in cardiac output, since no consistent changes were observed in the stroke index. The individual changes in stroke index during exercise varied from + 38 to -48%, and a systematic difference was not demonstrated (P < 0.20). On recovery, cardiac output and heart rate decreased but did not reach the resting values.
At high altitude, the mean basal value for cardiac output was 3.97 L/min/m,2 similar to that of the sea level (P> 0.90), varying from 2.84 to 5.53 L/min/m.2 With exercise the mean value changed to 7.70 L/min/m,2 that is a per cent increment of 97, the flow values ranging from 5.62 to 10.36 L/min/m.2 Despite a higher mean increment noted at high altitude no statistical difference was found on comparing it with that obtained at sea level (P < 0.20). The heart rate increased by a mean of 84%, closely similar to that noted at sea level (P <0.50). Since stroke index did not vary systematically during exercise (P <0.20), the increase in cardiac output was due to the increased heart rate. During the period of recovery, stroke index equalized that observed at rest, and a moderate tachycardia produced a slightly higher cardiac output.
Pulmonary Artery Pressures
At sea level, the resting mean values for systolic, diastolic, and mean pulmonary pressures were 22, 6 and 12 mm Hg, respectively. During exercise these values increased to 36, 9 and 18 mm Hg, respectively. Extreme values obtained on exertion were systolic 29 and 44, diastolic 2 and 15, and mean pressure 15 and 22 mm Hg. Significant differences were found when the mean values were compared with those obtained at rest (P < 0.001). The changes obtained from rest to exercise represent increases of 70, 82 and 52% for systolic, diastolic, and mean pulmonary pressures, respectively. During the recovery period, pulmonary pressures decreased to mean values that were slightly less than the resting ones.
At high altitude, the basal mean values for systolic, diastolic, and mean pulmonary pressures were 41, 15 and 29 mm Hg, respectively; these figures were significantly higher than those at sea level (P < 0.001). During exercise, Circulation, Volume XXXIII, February 1966 the mean values obtained for systolic, diastolic, and mean pulmonary pressures were 77, 40 and 60 mm Hg, values significantly higher than those obtained at rest (P <0.001). The extreme values obtained during exercise were systolic 40 and 145, diastolic 15 and 75 and mean pressure 32 and 115 mm Hg. Average increments of 92, 208, and 118% were obtained in the mean values of systolic, diastolic, and mean pressures. The per cent increment observed in pulmonary mean pressure was significantly higher than that obtained at sea level (P<0.001); per cent increases of systolic and diastolic pressures were also significantly higher than those at sea level. On recovery, smaller values than those observed at rest were obtained.
Right Ventricular, Right Atrial, and Pulmonary Wedge Pressures
Both at sea level and at high altitude, right ventricular systolic pressure followed the changes observed in pulmonary systolic pressure. Right atrial mean pressure decreased significantly during exercise both at sea level and at high altitude. The pulmonary wedge pressure did not show significant changes at both levels.
Pulmonary Resistance and Right

Ventricular Work
At sea level, total and vascular pulmonary resistances averaged 160 and 73 dynes sec cm.-5 Despite individual variations, there was a mean decrease of 14.1% in total pulmonary resistance, the exercise mean value being statistically different from the resting mean value (P < 0.01), and a further decrease was noted during the recovery period. The pulmonary vascular resistance decreased 3.9% on exertion; however, this decrement did not attain statistical significance (P < 0.30). The right ventricular work showed a mean increment of 214% on exercise, and a significant difference was obtained on comparing the basal and the exercise mean values (P < 0.001).
At high altitude, the basal mean figures for total and vascular pulmonary resistances were 373 and 332 dynes sec cm,-5 significantly different from those obtained at sea level (P < 0.001). The mean values for total and vas-210Et55 cular pulmonary resistances were increased during exercise; however, their increase over the resting values did not reach statistical significance (P < 0.40). This response was different from that observed at sea level, and significant differences were found when the effects of exertion in total and vascular pulmonary resistances at the two levels were compared (P <0.01 and P <0.02). On recovery smaller mean values than those at rest were obtained for total and vascular pulmonary resistances. Highly significant difference was found in the mean increments of right ventricular work at high altitude and at sea level ( P < 0.001).
Systemic Artery Pressures, Total Systemic
Resistance and Left Ventricular Work
At sea level, increments of 27, 20, and 19% were obtained during exercise for systolic, diastolic, and mean systemic pressures. Mean values were statistically different from those observed at rest (P <0.001). Pressures registered during the period of recovery were closely similar to basal values. The rise in systemic pressure occurred in spite of a significant fall in total systemic resistance (P <0.001) with a mean decrease of 29.4%. A mean increment of 99% was observed in the left ventricular work during exercise.
On comparing the systolic basal values at high altitude and at sea level, a highly significant difference was found (P < 0.001), while no significant differences were found in diastolic and mean resting pressures. A similar response on exertion was observed at both levels for systolic, diastolic, and mean brachial pressures. Total systemic resistance and left ventricular work changed with exercise in a similar way at sea level and at high altitude.
Discussion
Relation of Cardiac Output to Oxygen Uptake
To meet the augmented metabolic demands of exercise, the oxygen uptake increased both at sea level and at high altitudes, and this was accomplished by increasing the minute ventilation and improving the mechanisms of blood transport of gases. This implies an increment of the cardiac output and a widening of the A-V oxygen difference. Both mechanisms seem to be important for the amount of work performed in this study.
The cardiac output in our sea-level subjects increased normally during exercise. Our data fit well with the pattern of cardiac output response to increasing exercise as shown in figure 2 where our individual values for cardiac output and oxygen uptake in the sealevel subjects are plotted with data reported in the literature. [6] [7] [8] It is interesting to poimt out that the same relationship is observed for the values obtained in our high-altitude subjects. Data reported by Vogel and co-workers,'6 working in Leadville, Colorado, at 10,150 feet of altitude, and data reported by Pugh'8 from the Himalayan and Mountaineering Expedition, working at sea level and at 19,000 feet of altitude, show similar relationships. These observations indicate that the variations in cardiac output and oxygen uptake during exercise are related to the intensity of work performed and are independent of the level of altitude.
In agreement with the aforementioned relationship, the A-V oxygen difference expressed as oxygen content in volumes per 100 ml increased similarly in sea-level residents and in high-altitude natives. The magnitude of its increment was related to the amount of work performed and changed accordingly with data reported by several authors. 6 12 It must be noted, however, that the elevated hemoglobin concentration in the natives of high altitude is of advantage to these people. At rest, the arterial oxygen content is higher than the value obtained in sealevel residents despite the arterial desaturation. With the same cardiac output similar amounts of oxygen can be transported and delivered to the tissues with smaller changes in blood oxygen saturation. This is of special advantage during exercise when changes in blood oxygen saturation are smaller than the changes occurring at sea level in low-altitude natives.
Our observations have demonstrated that both at sea level and at high altitudes, cardiac output increased during exercise almost exclusively as a result of an increase in the heart rate, while the stroke volume remained practically constant. These results are in accordance with recent observations of American and Swedish investigators. 14 [19] [20] [21] Relation of Cardiac Output to Pulmonary Pressure Early attempts to study the relation of blood flow to pulmonary artery pressure during exercise apparently failed to show increments in pulmonary pressure. This finding was ascribed to a fall of the pulmonary resistances, on account of good distensibility of the pulmonary vessels, which allowed the accommodation of the increased blood flow.7 8, 22 As a consequence of this assumption, an increase of the pulmonary pressure during exer-Circulation, Volume XXXIII, February 1966 cise suggested an abnormality of the pulmonary vascular tree generally associated with cardiopulmonary diseases.
More recently, other workers have reported varying degrees of increment in the pulmonary artery pressure of healthy subjects when performing exercise in the supine as well as in the upright posture.6' [9] [10] [11] [12] [13] [14] 17 This means that on increasing the intensity of work, a limit for distensibility of the pulmonary vessels is reached, so that, the increased blood flow is not well enough accommodated; a variable degree of pulmonary hypertension results.
The increment in pulmonary pressures of normal subjects on exertion has been differently estimated by the various authors. Disagreements could be related in part to the 
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grade and type of the work performed, as well as to an imperfect steady state reached in some of these studies. Moreover, divergent criteria for quantification of changes in pulmonary pressure have been used, and increments of a few millimeters of mercury have been assumed by some authors to be insignificant or barely perceptible. These changes, however, may represent as much as 50% of the resting basal values because the pulmonary circulation is a low pressure, low resistance system.
Our findings at sea level have shown that when blood flow increased to almost twice the basal values, increments of nearly 50% occur in pulmonary mean pressure. This pressure response is not surprising when compared with that observed for comparable intensities of exercise by other investigators (table 4) . Furthermore, a higher increase in pulmonary pressure than ours has been ob-served in normal subjects by other workers with more strenuous exercise. '4, 17 The pattern of response to pulmonary pressure when increasing blood flow by exercise has been studied by us using our data and those of several laboratories where normal subjects were studied during supine bicycle exercise. We have included in this study the most severe degrees of exercise performed by Holmgren14 and Bevegard17 and their associates in normal subjects and in well-trained athletes (table 4). In this way we have gathered the average values of mean pulmonary pressure and cardiac index at rest and during several intensities of work in 20 experiments from us and 150 from others. The calculated regression equation and the normal regression line 1 standard error for this relationship are shown in figure 3 .
In high-altitude subjects, using the same grade of exercise as at sea level, we obtained Pattern of pulmonary pressure response to increasing cardiac output during several intensities of exercise at sea level. In calculating the regression equation, we have used our data and those from other laboratories. The normal regression line + 1 standard error for this relationship is shown. Note the position of the data obtained at high altitude.
pressure during exercise in persons living in Leadville, Colorado, at 10,150 feet above sea level.
The higher pulmonary pressure response on exertion at high altitudes suggests a restriction in the capacity of expansion of the pulmonary vasculature, which is related to a thick muscular layer in the small pulmonary arteries and muscularization of the arterioles as demonstrated by Arias-Stella and Saldafia.2 Since this structural factor is important at rest, it is clearly more important during exercise, when a higher cardiac output is present.
Preliminary observations have demonstrated a lesser increment of the pulmonary pressure during exercise when oxygen or acetylcholine are administered. 24 This indicates the existence of vasoconstriction which is probably related to the increased arterial oxygen Relationship between cardiac output and mean pulmonary artery pressure at rest and during supine exercise in high-altitude residents. Mean values obtained at rest and during exercise, indicated by the large symbols, are connected by a dashed line.
unsaturation occurring on exercise at high altitudes. Hypervolemia, polycythemia, and high blood viscosity are probably secondary factors contributing to the higher pulmonary pressure response on exertion at high altitudes.
Arterial Oxygen Saturation during Exercise
At sea level, the increased arterial oxygen capacity during exercise was followed by a rise in the oxygen content, thus maintaining the arterial oxygen saturation. On the other hand, at high altitude an augmented oxygen capacity with a lesser oxygen content in arterial blood was associated with a decreased arterial oxygen saturation, so that an increased degree of arterial hypoxemia was present during exercise at high altitudes.
Barcroft in 192525 reported a decrease in oxygen saturation of arterial blood during exercise at Cerro de Pasco (14,200 feet above sea level). The decrement in arterial oxygen saturation during exercise at high altitude was previously reported by us,5 and similar observations have been made by other workers. 16 figure 5 , which shows that as the altitude increases the magnitude of decrement in arterial oxygen saturation with exertion also increases. The illustration also shows that for the same altitude the oxygen saturation decreases as the intensity of exertion increases.
The fall in arterial oxygen saturation during exercise at high altitude was associated in our cases-with a decreased arterial P02. Since in the high-altitude native the position of the resting value for the arterial P02 iS on the steep part of the oxygen dissociation curve,2 a slight decrease in paO2 during exercise may account for a considerable decrement in arterial oxygen saturation. The ventilatory response observed in the high-altitude native during exercise, producing an increase in alveolar oxygen tension, can be considered to be adequate and the fall in paO2 appears not to be related to HbO 
Figure 5
Changes in oxygen saturation of arterial blood during exercise at different levels of altitude. The arterial oxygen saturation decreases during exercise at high altitude. The magnitude of this change is greater as the altitude or the intensity of work or both increase. The illustration shows our data near sea level and at high altitude, and those of other workers at several altitudes.
hypoventilation. If we remember that in environment of low oxygen tension oxygen at the alveolocapillary level is transferred at a-slowed rate,28' 29 this phenomenon may explain the fall in arterial pO2 during exercise, when the time of blood exposure through the pulmonary capillaries is shortened.29 Under these circumstances, the decrement in arterial P02 takes place in spite of an increased pulmonary diffusing capacity.28 Ve-lasquez30 working with natives of Morococha at 14,900 feet above sea level found a definite increment of the pulmonary diffusion capacity during exercise. However, in the same work the mean arterial oxygen saturation during exercise was 76.3%.* Although this author did not comment on this finding, the *This mean value decreases to 74.7% if we omit the value obtained in case N.R. which seems unreasonably high.
(irculation, Volome XXXIII, February 1966 260) STUDIES AT HIGH ALTITUDE AND AT SEA LEVEL figure is lower than 80.1%, the normal mean value found at that altitude by this and other authors.2 This means that in an environment of low PO2 an increment of the pulmonary diffusing capacity during exercise may be associated with a decrement of the arterial oxygen saturation. Recent studies performed in Leadville, Colorado, have arrived at similar conclusions.31 The decrement in blood pH observed in our cases during exercise, determining a shift to the right in the oxygen dissociation curve, is probably a contributing factor to the fall in the arterial oxygen saturation.
Other factors might contribute to the decrement of the arterial PO2 and arterial oxygen saturation during exercise at high altitudes.
One of them could be an altered ventilationblood flow ratio in certain pulmonary areas not so well ventilated, particularly in the supine position. Another factor could be the opening of arterial-venous collaterals in the lungs on account of the marked increase of pulmonary artery pressure during exercise.
Summary
The response elicited by exercise on pulmonary pressure, cardiac output, and arterial oxygen saturation in 35 lifetime residents of high altitude has been studied at high altitude (14,900 feet above sea level), and 22 residents of low altitude have been studied at sea level. A procedure combining cardiac catheterization, arterial cannulation, and spirometry was carried out. The exercise was moderate and was performed in supine position using a bicycle ergometer, the work load being 300 kg-m/min/m,2 and the average increase of the oxygen uptake being 4.7 times at sea level and 4.8 times at high altitude.
Both at sea level and at high altitude the cardiac output augmented during exercise proportionally to the increase in oxygen uptake, and thus followed the pattern of response described by other authors. The cardiac output as well as the oxygen intake, for the magnitude of exertion performed in this study, was almost the same at sea level and at high altitude. The cardiac output rose Circulation, Volume XXXIII, February 1966 during exercise almost exclusively as a result of an increase in the heart rate, with the stroke volume remaining practically constant.
Despite similar increase in cardiac output, the response of pulmonary pressure was smaller for sea-level subjects than for the high-altitude subjects. Increments of mean pulmonary pressure of nearly 50% and 100% were observed on exercise at sea level and at high altitude, respectively.
During exercise the arterial oxygen saturation did not change in the sea-level studies, but decreased significantly in the high-altitude studies. The decrement observed in high-altitude residents is related to a fall in arterial P02 which at resting conditions is placed on the steep part of the oxygen dissociation curve.
